In this paper we report results from an experimental study into the influence of pre-existing structural anisotropy on deformation localization and permeability evolution during triaxial compaction of a porous sandstone. Diemelstadt sandstone was selected for this study because it exhibited significant structural anisotropy as measured by AMS and P and S-wave velocities. This resulted in significant mechanical anisotropy, with samples deformed parallel to bedding being always stronger in the compactant regime than samples deformed normal to bedding. Permeability decreases were also larger (by about an order of magnitude) and far more abrupt in samples deformed normal to bedding. Microstructural analysis of deformed samples revealed that both the mechanical anisotropy and the differences in permeability evolution can be explained by the different geometrical attributes of the compaction bands that propagated in the two orientations. Bedding-parallel compaction bands developed at lower stresses and were more tabular and less tortuous than bands that developed at oblique angles to bedding. Bands appear to have a similar thickness regardless of orientation, and we estimated a permeability contrast of about 3 orders of magnitude between the host rock matrix and the compaction bands. Our new data suggest that pre-existing structural anisotropy in a sandstone formation may play a major role in the development of compaction localization and its influence on fluid flow. Our laboratory results generally compare well with attributes of compaction bands observed in the field.
Introduction
[2] The evolution of permeability associated with the mechanical compaction of porous sandstone is of fundamental importance for many applications linked to reservoir/ aquifer production, fault and earthquake mechanics and the geological storage of hazardous waste. For example, key issues in petroleum geoscience, such as prediction of reservoir deformation and fluid flow, hinge on realistic estimation of permeability and its evolution as a function of changing stress, strain and porosity. These issues are exacerbated by the significant level of hydro-mechanical coupling that can occur during both reservoir depletion [Boutéca et al., 2000] and water injection [Heffer, 2002] . As a result, the U.S. Department of Energy identified rock transport properties, fluid isolation and trapping, and fluid-enhanced rock deformation as priority research themes in its report on Basic Research Needs for Geosciences: Facilitating 21st Century Energy Systems [Department of Energy, 2007] .
[3] Much insight into the coupling between deformation and pore fluids has been gained from laboratory studies; in particular in establishing relationships between deformation and permeability [David et al., 1994; Keaney et al., 1998; Wong and Zhu, 1999; Heiland and Raab, 2001; Main et al., 2001; Mitchell and Faulkner, 2008; Dautriat et al., 2009] . For porous sandstone, the systematic study of revealed the complex evolution of porosity and permeability during triaxial compression. They showed that while porosity and permeability both decrease in a positively correlated way during compactant cataclastic flow, the same parameters are negatively correlated in the brittle faulting regime, as permeability was found to decrease during dilatancy and strain localization while porosity increased.
[4] In the compactant regime, permeability reduction can be influenced significantly by whether the nature of the inelastic deformation is homogeneous (distributed) or heterogeneous (localized). For this reason, the development of localized compaction bands (CBs) in porous sandstones has generated a great deal of interest within the geoscience community. Field observations of CBs in sandstone formations [Hill, 1989; Mollema and Antonellini, 1996; Sternlof et al., 2005; Aydin and Ahmadov, 2009; Schultz, 2009; Eichhubl et al., 2010] showed significant local porosity reduction in these tabular structures that are generally oriented normal or sub-normal to the maximum principal stress. Indeed, fluid flow simulations based on the petrophysical characteristics, geometric attributes and distribution of CBs have revealed potential impacts at the reservoir/ aquifer scale [Eichhubl et al., 2004; Borja and Aydin, 2004; Sternlof et al., 2006] .
[5] A number of laboratory studies of CB development have been undertaken over the past decade or so [Olsson and Holcomb, 2000; Klein et al., 2001; Baud et al., 2004; Fortin et al., 2005; Townend et al., 2008; Tembe et al., 2008; Charalampidou et al., 2011] . They show that CB development in the laboratory typically commences at the brittleductile transition and is associated with shear-enhanced compaction and commonly also with enhanced output of acoustic emissions . However, despite much progress being made over this period, a number of important questions still remain; specifically, in what way do microstructural characteristics control the evolution and geometry (orientation, tortuosity) of CBs and, in turn, how does the presence of CBs influence permeability and fluid flow in reservoirs [Holcomb et al., 2007] ?
[6] Tembe et al. [2008] noted that even slight variations in bedding orientation influenced the overall orientation of CBs in a number of their Diemelstadt sandstone samples. Furthermore, a pilot study by Louis et al. [2009] showed that in a rock with strong bedding inhomogeneity, compaction localization was enhanced in some orientations and inhibited in others. Another study by Louis et al. [2007] combined X-ray computed tomography (CT) with quantitative microstructural measurements to show that CBs appeared to develop more readily in rocks with a relatively homogeneous microstructure. Results from network modeling [Katsman et al., 2005] and discrete element modeling [Wang et al., 2008] supported this view, and concluded that compaction localization is promoted by a relatively homogeneous microstructure. To date, the influence of CBs on permeability evolution has only been measured in a few rocks; Bentheim sandstone [Vajdova et al., 2004] and Bleurwiller sandstone [Fortin et al., 2006] . However, both studies report a permeability contrast of up to two orders of magnitude between the host rock and the compaction bands.
[7] To our knowledge, there remains a paucity of laboratory data describing how the juxtaposition of anisotropic principal stresses and the structural anisotropy caused by sedimentary bedding orientation influences the development of discrete CBs in sandstone. There also appears to be no data on how different orientations and geometric attributes of CBs influence fluid flow. In this paper, we try to address these gaps in knowledge by reporting a systematic study of the development of CBs in samples cored parallel and orthogonal to the bedding plane in a sandstone showing significant pre-existing structural anisotropy (Diemelstadt sandstone). We show that CBs develop in both orientations but that their geometric attributes are very different. In turn, these geometrical differences influence fluid flow in significantly different ways in the two orientations. Finally, we compare our new data to previously published permeability data on deformed sandstone and with recently reported measurements on CBs in the field.
Sample Material and Its Characterization
[8] Diemelstadt sandstone (Wrexener Buntsandstein) was chosen for this study because of its use in several previous studies [Fortin et al., 2005; Tembe et al., 2008] . Several blocks were collected from a quarry located near the town of Wrexen (Germany). For this study, we specifically selected the block that exhibited the highest degree of pre-existing structural anisotropy. As we show below, there are significant differences between our material and the material from the same quarry studied by Fortin et al. [2005] and Tembe et al. [2008] in terms of both petrographic and mechanical properties; and these rocks should, therefore, be considered as essentially different materials. However, all samples used in this study were cored from the same block of Diemelstadt sandstone as the samples used in the study of Townend et al. [2008] .
[9] Our sample material had an average porosity of 23%, and an average grain size of 150 mm (Figure 1a ). Its nominal composition is: 70% quartz, 10% lithics, 10% Feldspar, 5% Chlorite and 5% Muscovite. Grains are sub-rounded and moderately sorted, with primarily point contacts and occasional sutured contacts. Grains also show overgrowths of quartz cement with ghost edges of the original crystal faces remaining visible. Hematite staining around grain edges is inferred to be of post-diagenetic origin since no staining is observed at grain contacts. The textural maturity of Diemelstadt sandstone suggests a fluvial origin. X-ray computed tomography images of the intact material, acquired at a resolution of 40 mm (Figure 1b) , reveal that the material is relatively homogeneous in spite of its sedimentary layering.
[10] For simplicity of discussion, we refer to the three principal orientations of our sample block as X, Y and Z; with Z being the direction normal to bedding and X and Y being orthogonal directions within the bedding plane. We used two different methods to quantify the anisotropy of the intact material: measurements of the anisotropy of magnetic susceptibility (AMS), and measurements of elastic wave velocity anisotropy.
[11] AMS measurements were made both on dry samples to determine the anisotropy of the solid matrix (mAMS) and on samples saturated with a magnetically susceptible ferrofluid to determine the total anisotropy of the matrix plus pore space (tAMS), following the method described in detail in Benson et al. [2003 Benson et al. [ , 2005 . Measurements were made in 15 orientations on each of 22 samples using a KLY-2 susceptibility bridge (AGICO Instruments), and the anisotropy of the pore space (pAMS) was determined by subtracting mAMS values from tAMS values for each measurement. Principal susceptibility axes were then calculated by inverting the individual pAMS measurements and fitting them to an ellipsoid. The orientations of the principal pore space susceptibility axes are plotted on a lower-hemisphere stereographic projection in Figure 2a . The data show that the minimum axes occur in a tight cluster closely aligned with the Z direction, and that the intermediate and maximum axes are distributed in a narrow band around the XY plane and orthogonal to the minimum axes. The measurements show no obvious distinction between the intermediate and maximum axis orientations. The minimum, intermediate and maximum axes are all offset by between 6 and 12 from the Z direction (normal to bedding) and the XY plane (bedding plane), respectively. These offsets approximately equate to the dip of the visible cross-bedding in our Diemelstadt sandstone samples. This suggests that the pore-fabric geometry is controlled by the cross-bedding fabric.
[12] In addition to providing the orientations of the three principal anisotropy axes, the pAMS technique can also provide the relative magnitudes of these axes. One useful way of representing the pore fabric anisotropy quantitatively is by a Flinn diagram [Flinn, 1962] which plots the length ratio of the maximum to intermediate axes (representing lineation) against the length ratio of the intermediate to minimum axes (representing foliation). Applying Flinn's method to our data reveals a pore fabric that can be described as an oblate spheroid, as shown in Figure 2b . This is what is typically expected in a sedimentary rock as a result of the hydrodynamics of deposition followed by diagenetic compaction [Benson et al., 2003] .
[13] P and S-wave velocities were measured as a function of azimuth every 10 around three orthogonal cores under dry and water-saturated conditions (Figure 3a) . Velocity data are presented in Figures 3b and 3c for dry and watersaturated samples, respectively. For all measurements, a clear and consistent variation with azimuth can be seen. The anisotropy is greatest for P wave velocities on dry samples (Figure 3b) , with anisotropy being higher in the XZ and YZ planes that are normal to bedding (approximately 7%) and lower in the XY plane that is parallel to bedding (less than 2%). The same general trends are observed for S-wave velocities, although the anisotropy is somewhat less pronounced. We also observe a similar general pattern for measurements made under water saturated conditions (Figure 3c ). However, the average P wave velocity of saturated samples is about 18% higher than for dry samples, and the maximum P wave velocity anisotropy is lower at around 4%. This is entirely as expected, and is a result of the much higher bulk modulus of water as compared to air.
[14] Elastic wave velocity anisotropy was further quantified using the method of Louis et al. [2003] . We fitted the azimuthal velocities to an ellipsoid in order to allow the principal directions of P and S-wave velocity anisotropy to be visualized on a stereographic projection (Figure 3d ) for direct comparison with the AMS data. As noted by Louis et al. [2003] , this is strictly only correct for a second rank symmetric tensor, whereas elastic anisotropy is a fourth Figure 3 . (a) A schematic core-set showing the reference axes and orientations used to make radial velocity measurements. Elastic wave velocity variations with azimuth for Diemelstadt sandstone under (b) dry conditions and (c) water-saturated conditions. For Sa waves (close symbols) the polarization direction is parallel to the core axis, and for Sb waves (open symbols), the polarization direction is orthogonal to the core axis. (d) Stereonets showing the principal directions for P and S-wave under dry (open symbols) and water-saturated (closed symbols) conditions. (e) Flinn plot of P wave and S-wave ellipsoid data. Open symbols represent dry conditions and closed symbols represent water-saturated conditions. rank tensor. However, as previously noted by Benson et al. [2003] , the error in using the ellipsoidal approximation is less than the accuracy of the velocity measurements (approximately 1% for P waves and 2% for S-waves) and there is therefore no overall loss of accuracy. The principal velocity anisotropy axes show distributions which are in excellent general agreement with the principal axes derived from pAMS measurements (Figure 2a) . The minimum axes are tightly grouped and fall sub-parallel to the Z axis with an average 10 offset (as for the pAMS data), with the intermediate and maximum axes occurring sub-parallel to the bedding (XY) plane. The magnitudes of the principal axes of the velocity ellipsoids are also used to construct a Flinn plot of lineation and foliation (Figure 3e ) which again shows that the anisotropy can best be described as an oblate spheroid. The velocity measurements indicate an anisotropic fabric with a minimum principal axis oriented subnormal to the bedding plane, in agreement with pAMS data. However, the intermediate and maximum principal axes of the pAMS data are scattered widely and interchangeably sub-parallel to the bedding plane. By contrast, the velocity measurements exhibit clear clustering of the intermediate and maximum principal axes sub-parallel to the bedding plane but with a 90 offset between the clusters. This difference may arise from the fact that each technique is sensitive to different parameters. For example, elastic wave velocity measurements are sensitive to all elastic discontinuities, including narrow, low-aspect-ratio microcracks. By contrast, pAMS measurements are sensitive only to the bulk ferrofluid-filled porosity, and will therefore be less sensitive to low volume microcracks and more sensitive to high volume equant pores.
[15] Following the above measurements made under ambient laboratory conditions, we also made P and S-wave velocity and fluid permeability measurements at effective pressures up to 250 MPa on a set of three samples cored along the three principal orientations. The velocity measurements were made along the cylindrical axis of each sample using the same methodology as described in Benson et al. [2003] , and the data are presented in Figure 4a . Consistent with the ambient values, we see that the lowest velocities occur in the direction normal to bedding (Z axis), and that velocities parallel to bedding vary little with orientation. All velocities increase with increasing effective pressure, but the largest increases occur at the lower pressures. We also observe that the velocity anisotropy for both P-waves and S-waves decreases with increasing pressure (Figure 4b ), but remained significant even at the highest pressures. Both observations are consistent with low aspect ratio microcracks closing at relatively low pressure, with the closure of higher aspect ratio microcracks and pores become progressively more difficult.
[16] We measured fluid permeability over the same effective pressure range using the steady state flow technique in a servo-controlled hydrostatic permeameter (see Benson et al. [2003 Benson et al. [ , 2005 for details of the equipment and the technique). The data are presented in Figure 5 , and show a modest but systematic permeability anisotropy, with permeability normal to bedding (along the Z axis) being 0.9 Â 10 À12 m 2 and permeability parallel to bedding (along the X and Y axes) being higher at 1.3 to 1.4 Â 10 À12 m 2 . However, the permeability in each direction remains essentially constant over the whole pressure range. This suggests that the connectivity of the pore-space in Diemelstadt sandstone is not controlled by low aspect ratio microcracks, but by pore-throats that remain open even at the highest effective pressures applied.
[17] Overall, the acoustic and AMS measurements at ambient pressure show that our Diemelstadt sandstone can be characterized as exhibiting vertical transverse isotropy (VTI). Further, our acoustic and permeability measurements at elevated pressure show that the sandstone remains significantly anisotropic even at high pressure. This confirms that this is an appropriate material for the study of the impact of anisotropy on CB development over a wide range of confining pressures.
Triaxial Deformation and Permeability Experiments
[18] All deformation and permeability experiments were performed at room temperature using the servo-controlled 400 MPa triaxial rock deformation apparatus in the Rock and Ice Physics Laboratory (RIPL) at University College London. All samples measured 40 mm in diameter by 100 mm long, and were cored parallel either to the Z direction or to the X direction. Accordingly, in the rest of this paper, samples deformed normal to bedding will be referred to as Z samples and samples deformed parallel to bedding will be referred to as X samples.
[19] Samples were mounted between two hardened steel end-caps in a nitrile rubber sleeve containing inserts for the mounting of acoustic emission transducers [Heap et al., 2009] . During each experiment, axial strain was measured continuously using LVDT displacement transducers, and pore volume change was measured continuously using a servo-controlled pore fluid pressure intensifier and volumometer [Benson et al., 2005] . A constant confining pressure (P c ) was achieved using silicone oil fed from a large-volume hydraulic pump coupled to a servo-controlled pressure intensifier. Acoustic emission (AE) output was monitored continuously during each experiment, primarily to aid determination of the onset of shear-enhanced compaction (C*). AE was recorded via PZT-5A transducers (3 mm in diameter and 1 MHz longitudinal resonant frequency) mounted on steel inserts embedded within the nitrile sample jacket, and stored by a Vallen AMSY-5 acoustic emission acquisition system. [20] All triaxial deformation experiments were conducted at a servo-controlled constant strain rate of 10 À5 s À1 . During some dedicated deformation experiments we also made sequential permeability measurements at increments of 0.25% axial strain using the steady state flow technique. In these latter experiments it was necessary to stop the displacement of the loading ram so that any change in pore fluid flux measured by displacement of the pore fluid intensifiers could be attributed to the differential pore pressure applied across the sample and not to the action of the advancing ram forcing pore fluid from the sample as it deformed. Once the ram had been stopped, the system was allowed to equilibrate before a differential pore fluid pressure of 0.5 MPa was imposed across the sample by opening the previously isolated downstream intensifier in order to induce fluid flow. Displacement of the fluid intensifiers was then used to measure the volume flow as a function of time until steady state flow was established. Once the measurement was complete, the downstream intensifier was re-isolated, stopping flow, and the loading ram re-started. The sample was then allowed to deform by a further axial strain increment of 0.25% before the whole process was repeated for the subsequent permeability measurement. Permeability values were then calculated from the steady state fluid flow rate and the sample dimensions by simple application of Darcy's law.
Mechanical Data
[21] In this paper we use the convention that compressive stresses and compactive strains are positive. We will denote the maximum, intermediate and minimum principal stresses by s 1, s 2 and s 3 , respectively. The pore fluid pressure is denoted by P p , and the difference P c -P p between the confining pressure (P c = s 2 = s 3 ) and the pore fluid pressure will be referred to as the "effective pressure" P eff . The effective mean stress (s 1 + 2s 3 )/3 -P p will be denoted by P and the differential stress s 1 -s 3 by Q.
[22] We first present new data on samples of Diemelstadt sandstone deformed normal (Z) and parallel (X) to bedding. Figure 6 summarizes the volumetric behavior of all the deformed samples. For reference, hydrostatic compaction tests were also performed in each of the two orientations, and the results of these tests are also plotted on Figure 6 as "hydrostats" for comparison with the triaxial data. The new data exhibit similar patterns for both orientations, and are also similar to results reported in a number of previous studies on porosity change in sandstones Baud et al., 2000 Baud et al., , 2006 . The hydrostats essentially exhibit 3 phases: (1) a nonlinear phase at low pressure corresponding to the closure of pre-existing crack porosity, (2) a quasi-linear poroelastic phase, and (3) a significant deviation from linearity above a critical pressure P* corresponding to the onset of grain crushing and pore-collapse. Beyond P* the deformation is irreversible and the samples failed by homogeneous cataclastic compaction.
[23] Under triaxial loading at low effective pressures (P eff = 10 MPa and 20 MPa) we observe deviations from the hydrostat above a critical stress C′, associated with volume dilatancy and shear faulting. At effective pressures of 40 MPa and beyond, we observe shear-enhanced compaction [Curran and Carroll, 1979; Wong et al., 1997] above a critical stress of C*. Post-test visual inspection of the samples deformed at P eff = 40 MPa revealed compaction bands in the Z sample and compactive shear bands in the X sample. At higher pressures, compaction bands were observed in all samples, regardless of orientation, in agreement with results reported in Townend et al. [2008] for measurements on the same material.
[24] In Figure 7 we show comparisons between the axial stress-strain curves and volume change data for both orientations from representative experiments performed at effective pressures of 10, 40 and 150 MPa. At P eff = 10 MPa the stress-strain curves show typical brittle behavior with a peak stress followed by strain softening and failure on a macroscopic shear fault. The onset of both dilatancy and failure occurred at higher differential stress Q for the Z sample in agreement with previous studies that showed that porous sandstones are stronger when deformed normal to bedding in the brittle regime [Millien, 1993; et al., 2009] . At P eff = 40 MPa, the failure mode is different for both orientations, and is characterized by compactive rather than dilatant behavior. Here, the Z sample contains compaction bands and is significantly weaker than the X sample containing compactive shear bands. At all higher effective pressures, we observed that X samples were systematically stronger, and yielded at higher differential stresses, as shown in Figure 7c for the samples deformed at P eff = 150 MPa.
[25] In Figure 8 , we illustrate representative acoustic emission (AE) hit rate data for Z and X samples deformed in the compactive regime at the same effective pressure (110 MPa). For both orientations, we observe a distinct break in slope of the hit-rate curve at a strain of around 1.6%. This corresponds to the yield point on the stress-strain curve, and marks the onset of shear-enhanced compaction in the samples. Shear-enhanced compaction is accompanied by grain crushing and pore collapse, and these are the mechanisms responsible for the enhanced AE activity from this point. We therefore use this break in slope as an independent verification of the yield point (C*) determined from the porosity reduction curves presented in Figure 6 . A compilation of C* values, determined in this way, is presented in Table 1 . For the Z sample we observe episodic peaks in AE activity which, following previous studies , we associate with the growth of discrete, tabular compaction bands. By contrast, for the X sample we observe a single, strong peak followed by an extended period of relatively high but uniform AE activity which we associate with the generation of more diffuse compactive damage.
[26] Figure 9 summarizes the mechanical data in P-Q space. Beyond the brittle-ductile transition, the onset of shearenhanced compaction C* occurred at systematically lower Q in Z samples than in X samples, and the difference in yield stress between the Z and X samples appears relatively constant for different effective pressures. The value of P* was essentially the same for both orientations. This is entirely as expected for hydrostatic compaction of a homogenous material, and thus confirms that our Diemelstadt sandstone is homogeneous while also being structurally anisotropic (see Figure 1b ). This also means that the yield caps shown in Figure 9 for the two orientations are non-parallel.
Permeability Data
[27] The focus of the study reported here is on deformation in the compactive regime. Accordingly, we performed 6 targeted deformation experiments in which we also measured permeability by the method described above. These experiments were conducted at effective pressures of 40, 110, and 150 MPa on both Z and X orientation samples. The full set of results, showing both permeability and differential stress plotted against axial strain, is collated in Figure 10 and also summarized in Table 2 . First, we note that the values of permeability at the start of each deformation experiment are very similar at close to 10 À12 m 2 , regardless of effective pressure or sample orientation. This is entirely consistent with the hydrostatic permeability data reported in Figure 5 . We also note that each permeability measurement made during the deformation experiments is Figure 6 . Plots of effective mean stress versus porosity reduction for triaxial compression experiments on Diemelstadt sandstone samples of (a) the Z series and (b) the X series. The effective pressures are indicated next to each curve (in MPa). For reference, the hydrostatic data are also shown as dashed lines. Arrows mark critical stress states P* for hydrostatic experiments, C* for the triaxial experiments at an effective pressure of 150 MPa, and C′ for the triaxial experiments at an effective pressure of 20 MPa. associated with a stress relaxation. This is a necessary consequence of stopping the loading ram to maintain constant strain and eliminate any extraneous fluid flux during the measurements. As expected, the stress relaxations are most marked at high differential stresses, as also reported by Vajdova et al. [2004] for their measurements on Bentheim sandstone.
[28] In our data, we see a similar pattern of permeability evolution in Z samples at all effective pressures. A significant decrease in permeability is observed during initial Figure 7 . Selected mechanical data on Diemelstadt sandstone representative of the brittle faulting regime (Figures 7a and 7d) , the transitional regime (Figures 7b and 7e) , and the ductile regime (Figures 7c and 7f) . Data are plotted both as (a-c) differential stress versus axial strain and (d-f) effective mean stress versus porosity reduction. The solid lines are for X samples and the dashed lines are for Z samples. quasi-elastic loading; again consistent with similar decreases reported by Vajdova et al. [2004] . This is followed in each case by a large and rapid drop in permeability that occurs some time after the commencement of shear-enhanced compaction at C*, and that we associate with propagation of the first bedding-parallel CB. This time delay is entirely as expected, since CB growth is rather slow and we would not expect the dramatic drop in permeability to occur until the Figure 9 . Strength envelopes for Diemelstadt sandstone in P-Q space described by peak stress (squares) for the brittle regime and critical yield stress C* (circles) for the ductile regime. Solid symbols are for X samples and open symbols are for Z samples. (Figures 10a and 10d ), 110 MPa (Figures 10b and 10e ) and 150 MPa (Figures 10c and 10f) .
first CB had propagated across a significant proportion of the sample cross-section and become a well-developed barrier to fluid flow. Townend et al. [2008] calculated a propagation rate of 0.08 mm.s À1 for growth of the first bedding-parallel CB in samples of Diemelstadt sandstone from the same block deformed at the same rate. This means that it can take up to 500 s for the first CB to propagate across the whole sample cross-section, equivalent to a strain of up to 0.5% at a strain rate of 10 À5 s À1 . Therefore, if the first CB nucleates at C*, we would expect a strain offset of up to a maximum of 0.5% before we see the permeability drop, and that is what we observe for Z samples in Figure 10 . In each case, the drop in bulk permeability is around 2 orders of magnitude. Although this first CB represents only a narrow zone embedded within the sample matrix, the overall sample permeability is essentially controlled by this low permeability band and this implies that the local permeability within the CB is at least 2 orders of magnitude lower than that of the matrix. Further strain, and the propagation of more CBs, then results in only relatively modest further decreases in permeability. Again, this is entirely as expected, since the first CB has already turned a high permeability rock sample into a low permeability one. Overall, sample permeabilities are reduced by between 3 and 4 orders of magnitude over the duration of the experiments.
[29] By contrast, we see a different pattern of permeability evolution in X samples. At 40 MPa, the X sample is some 10% stronger than the Z sample and deforms in the brittle faulting regime. Under these conditions, we do not propagate CBs and hence we observe only a relatively minor reduction in permeability by a little over one order of magnitude. At 110 and 150 MPa, we see overall permeability reductions of between 2 and 3 orders of magnitude. Not only are these reductions lower than for the Z samples, but the evolution is more gradual. We suggest that these differences in the evolution of permeability reduction are primarily related to the different distribution and less tabular nature of CBs that are propagated in X samples, as discussed in the following section.
Microstructural Analysis of Deformed Samples
[30] As noted above, we observe somewhat different patterns of permeability reduction depending on effective pressure and sample orientation. In order to gain further insight into the parameters controlling these differences in permeability evolution, we performed an additional series of experiments specifically to study the microstructure of deformed samples. We investigated systematically the evolution of damage in both Z and X samples at P eff = 150 MPa; a pressure that is well into the compactive regime for both orientations. Following the same procedure as reported in several previous studies [Menéndez et al., 1996; Wu et al., 2000; Baud et al., 2004] , we deformed three samples of each orientation to different levels of axial strain (1.5%, 3.0% and 4.5%). After being deformed, samples were slowly unloaded and then brought back to ambient pressure conditions. Petrographic thin sections were then prepared from samples that had been carefully removed from their rubber sleeves and dried before being impregnated with colored epoxy resin.
[31] Images of the full set of thin sections are presented in Figure 11a . Several important observations are worth noting. First, discrete compaction bands are the dominant feature of compactive deformation for both our Z and X orientation samples, in agreement with previously reported results for Diemelstadt sandstone by Tembe et al. [2008] and Townend et al. [2008] . The CBs propagate sequentially from different positions along the sample length with increasing strain until they eventually fill the whole sample volume. Second, we observe major differences between the spatial distribution and geometry of bands in the two orientations. CBs that propagate in Z samples appear tabular, parallel or sub-parallel to the bedding plane, and cross the full diameter of the sample. By contrast, CBs in X samples appear shorter and more tortuous. They commonly propagate at oblique angles, and generally do not cross the full diameter of the sample. They also tend to commence growing close to the sample ends, as previously observed for CBs in Bentheim sandstone by Vajdova et al. [2004] . Figure 11b presents a mosaic of micrographs providing details of the microstructure of several CB segments in a Z sample. While considerable damage, in the form of grain comminution, is visible within the bands, no significant damage is visible outside the bands. The mean thickness of these bands is about l = 650 mm. Bands in X samples, although somewhat more tortuous, exhibit the same average thickness.
[32] We suggest that the contrasting microstructures explain well why the decreases in permeability observed in Z samples are significantly greater and more abrupt than those in X samples. Because X sample CBs grow at oblique angles and rarely cross the full sample diameter, they are less efficient at restricting fluid flow and it will therefore take more of them to provide an effective flow barrier.
Discussion
[33] Our microstructural and permeability data both suggest that the pre-existing structural anisotropy of Diemelstadt sandstone plays a key role in the development of compaction bands in samples deformed both normal and parallel to the bedding plane. [34] To infer the porosity and permeability reductions within the CBs in Z samples, we followed the approach used by Vajdova et al. [2004] : we first estimate the relation between the inelastic strain p and the number of bands n. We define p as the inelastic strain beyond the yield point C*. We then estimate n by counting the number of intersections of CBs with an array of three axial scan-lines superimposed on the thin-section images (one in the center and one 5 mm from each edge); n is then simply taken as the arithmetic mean of the number of intersections with each scan-line. Figure 12a shows the number of bands as a function of inelastic strain for our three experiments performed in the Z direction. For comparison, the data of Vajdova et al. [2004] on Bentheim sandstone are also presented. We observe a significantly larger number of bands in our samples for the same amount of inelastic strain because our samples are significantly larger (more than Â5 in volume). It should also be noted that the data of Vajdova et al. [2004] were compiled from samples deformed at different pressures, and this is probably why their data are significantly more scattered. Our data can be fitted with a straight line:
with ɛ 0 = 1.5 Â 10 À5 and b = 9.39 Â 10 À4 , where, ɛ 0 is the inelastic strain necessary to trigger the first band in the sample and b is the inelastic strain necessary to propagate each additional band. In agreement with previous studies Vajdova et al., 2004] , we found that the development of CBs occurred with negligible lateral deformation. Also, since the differential stress changes very little during the phase of shear-enhanced compaction in our samples, we expect there to be little or no damage occurring outside the bands; as also confirmed from our microstructural observations. Under these conditions, the local porosity reduction within a compaction band b′ can be estimated simply from the macroscopic inelastic strain b (taken over the full length of the sample = 100 mm) divided by the band thickness l: b′ = Df = DV/V = Dl/l = 9.39 Â 10 À4 Â 100/0.650 = 0.144 = 14.4%. We observe that this calculated porosity reduction in the band is of the same order as values reported in previous studies by Vajdova et al. [2004] and Louis et al. [2006] , who found 14% and 13.8%, respectively.
[35] As noted above, ɛ 0 was interpreted by Vajdova et al. [2004] as the inelastic strain necessary to trigger the development of the first CB beyond the yield point C*. They suggested that some inelastic deformation was necessary before the development of the first CB in their samples. Although the nature of this inelastic deformation was not made clear, it is likely that it involved some cracking in the weaker part of the samples. By contrast, the observation that this factor is extremely small for our experiments suggests that the onset of bedding-parallel CB propagation is essentially concomitant with the yield point in our anisotropic Diemelstadt sandstone. Figure 12b shows the geometry considered by Vajdova et al. [2004] to interpret their permeability data (i.e., a porous material with n lower porosity horizontal CBs), modified to our sample dimensions. This also appears perfectly suitable for interpretation of our Z sample data. Using this geometry, the effective measured sample permeability k can be derived directly from Darcy's law and written as [Freeze and Cherry, 1979] 
where k m is the matrix permeability at C* and k cb is the permeability within a Z direction CB.
[36] In Figure 12c , we show that, when normalized to the matrix permeability, all our measured permeability data (k/k m ) can be bracketed within permeability contrast (k m /k cb ) bounds of 1500 and 15000. For the experiment performed at 150 MPa, Figure 12d shows that the permeability data can be well fitted with a k m /k cb ratio of 2500. We note that, up to the formation of the first compaction band, the measured sample permeability k is equal to the matrix permeability k m . For this experiment, the matrix permeability at C* was therefore k m = 5 Â 10 À14 m 2 , which leads to k cb = 2 Â 10 À17 m 2 . Repeating the same analysis for our other two Z sample experiments gives values of k cb = 1 Â 10 À17 m 2 for 40 MPa and k cb = 4 Â 10 À17 m 2 for 110 MPa. Hence, we find that all of our calculated values of k cb fall within the narrow range of 1 to 4 Â 10 À17 m 2 . This suggests that the permeability within compaction bands is essentially independent of pressure in a similar and consistent manner to the permeability of the sample matrix.
Bedding Oblique Compaction Bands; X Samples
[37] When observed locally under optical and scanning electron microscopy, the internal structure and thickness of compaction bands in X samples appears very similar to that seen in Z samples. There is therefore no reason why the porosity reduction should be different in X sample CBs. However, for the permeability reduction, the normalized permeabilities for the X series ( Figure 13a ) show a somewhat different evolution with inelastic strain.
[38] It is clear from Figure 11a that the accumulation of tortuous band segments in some areas of the deformed X samples does not allow for determination of n by the scan-line technique. It is also questionable whether the geometry of Figure 12b is compatible with our thin-section observations (Figure 11a ) and therefore appropriate for analysis of X sample data. To check this, we assume that b′ is constant, as suggested by our microstructural observations, and solve equation (2) for n using the range of k cb values that we calculated for the Z samples. Taking as one example the X sample deformed up to 3% axial strain, we obtain values for n that are less than 2 as shown in Figure 13b . This value is only about one tenth of that for the Z sample under the same conditions, and appears at first glance completely incompatible with the image of the X sample in Figure 11a . However, the analysis does provide us with a value for an "effective" number of bands and their influence on X-direction permeability The result shows that the oblique band segments observed in X samples are not nearly as effective in reducing permeability as the more tabular and complete bands in Z samples. This further suggests that the 3D connectivity of CBs in X samples is very low and that this results in the observed lower and more gradual decrease of permeability measured in this orientation.
Comparison With CB Development in Other Sandstones
[39] The mechanical anisotropy observed in Diemelstadt sandstone in the brittle-faulting regime in this study is similar to that reported in previous studies on sandstone. The brittle strength is highest when the sandstone is deformed normal to bedding (Z) and lowest when deformed parallel to bedding (X). Unlike observations on shales and some foliated rocks, such as gneiss, which are weakest at some intermediate orientation [Rawlings et al., 2002; Baud et al., 2005] , the brittle strength of Diemelstadt sandstone is expected to decrease monotonically between the Z and X orientations [Millien, 1993; Bésuelle et al., 2003; Louis et al., 2009] . There is, however, a paucity of data describing the mechanical anisotropy of sandstone in the compactive regime. To our knowledge, the only systematic study is the recently published work of Louis et al. [2009] on Rothbach sandstone. We show their data in Figure 14a together with our new data on Diemelstadt sandstone. Louis et al. [2009] not only observed significantly larger mechanical anisotropy in their Rothbach sandstone, but they also found that their samples deformed normal to bedding (Z) were always significantly stronger than those deformed parallel to bedding (X). This is in complete contrast to our observations on Diemelstadt sandstone and also to what is predicted by models for composite materials with strong layers bonded to a relatively weak matrix [Hull, 1981] . However, for materials with complex microstructures, such as rocks, it is possible for either orientation to be either weaker or stronger depending on the microstructural geometry (grain shape, grain contact length, etc…). Acoustic emission location data for both Z and X samples of Diemelstadt sandstone [Townend, 2007; Townend et al., 2008] showed that CB propagation commenced at the yield point in both cases, and our new permeability data also support this suggestion.
[40] Tembe et al. [2008] compiled data on the geometric attributes of both field and laboratory CBs, and used an antidislocation/anti-crack fracture mechanics model [Rudnicki, 2007] to obtain a scaling relation in which the stress level required for compaction band nucleation s cb is inversely proportional to the CB thickness l: where b′ is the porosity reduction in the band as described above and G c is the fracture energy of the rock that needs to be overcome to enable band formation.
[41] Assuming that the shear-enhanced compaction commenced at the observed value of C* for each orientation, our mechanical data lead to an average stress ratio of s cb Z /s cb X = 0.93. Figure 9 shows that this ratio remains essentially constant for all pressure conditions. Our microstructural observations also suggest that the CBs have essentially the same thickness and porosity reduction in both X and Z directions. Hence, the model of Tembe et al. [2008] suggests that the mechanical strength anisotropy observed in the compactant regime in Diemelstadt sandstone is primarily due to some moderate anisotropy in the fracture energy G c required to propagate CBs parallel and normal to bedding; that is, G c Z /G c X = 0.93. There is a severe paucity of data on the anisotropy of fracture energy (G c ) or fracture toughness (K c ) in layered rocks, but Walters [1984] showed that the cleavage-normal fracture toughness of slate was nearly twice the cleavage-parallel value. Since G c ∝ K c 2 /E (where E is Young's modulus), we might expect the cleavage-normal G c to be 4 times greater than the cleavage-parallel G c . However, the value of E is also anisotropic in this material, being as much as 3 times higher in the cleavage-normal direction. Our estimate of fracture energy anisotropy for Diemelstadt sandstone is therefore entirely consistent with Walters [1984] observations on slate. Further, Walters [1984] noted that when he attempted to propagate fractures normal or oblique to the isotropy plane, they commonly re-oriented in an attempt to propagate along the lower-energy cleavage-parallel orientation. This is consistent with our microstructural observations of CBs propagating in an overall oblique orientation, made up of bedding-normal and bedding-parallel segments, when loaded in the bedding-parallel (X) direction.
[42] Bifurcation analysis [Rudnicki and Rice, 1975] potentially provides an alternative framework to study the occurrence of compaction localization. Rudnicki [2002] derived an analytical condition for the nucleation of CBs in a transversely isotropic material. However, the parameters used in his model are not accessible from conventional triaxial experiments. Specific, focused experiments would be required to ascertain if his model were in agreement with our experimental data and if it were able to predict the observed mechanical anisotropy in Diemelstadt sandstone; and this is beyond the scope of the current study.
[43] To date, discrete CBs have been observed in laboratory samples of Bentheim Baud et al., 2004] , Diemelstadt [Tembe et al., 2008; Townend et al., 2008] and Bleurwiller [Fortin et al., 2005; Tembe et al., 2008] sandstones. In all cases, the samples were deformed normal to the sedimentary bedding (our Z orientation). Although these rocks only cover a very narrow range of porosities (22.8-25.2%), they nevertheless cover a very wide range of strengths [Tembe et al., 2008] . We have compiled the compactive yield caps for all those rocks in which CBs were observed in Figure 14b . It is clear that compactive strength decreases dramatically with increasing porosity. For example, our samples of Diemelstadt sandstone with a porosity of 23.5% are significantly stronger than those of Tembe et al. [2008] with a porosity of 24.3%. The critical pressure for the onset of grain crushing and pore collapse P* for our samples was 290 MPa, whereas that reported by Tembe et al. [2008 ] was 195 MPa. Zhang et al. [1990 proposed a Hertzian fracture model to describe grain crushing in which P* should follow the trend P * ∝ (fR) À3/2 where f is the porosity and R is the grain size. Taking the characteristics of both rocks, the Zhang et al. model predicts that our samples should be only about 5% stronger than those of Tembe et al. [2008] , so that the differences seen in Figure 14b cannot therefore be explained simply as due to the combined effect of porosity and grain size. These differences most likely reflect the variable composition of Diemelstadt sandstone. A significantly larger proportion of weaker minerals such as feldspar were present in the material used by Tembe et al. [2008] . This likely caused their samples not only to be mechanically weaker but also to be significantly weakened by the chemical effect of water. It is also worth noting that the variability in the strength of Tembe et al.'s [2008] samples is broadly comparable with the difference in strength that we observe between our Z and X samples. Figure 15 . Differential stress and permeability versus axial strain for samples of (a) Bentheim sandstone deformed at an effective pressure of 300 MPa [Vajdova et al., 2004] , (b) Bleurwiller sandstone deformed at an effective pressure of 100 MPa [Fortin et al., 2005] , (c) Rothbach sandstone deformed at an effective pressure of 130 MPa , and (d) Darley Dale sandstone deformed at an effective pressure of 200 MPa . 
Influence of Compaction Localization on Permeability in Porous Sandstone
[44] One common attribute between all previous studies of CBs and our new results is that the porosity reduction in the bands, inferred from a variety of different methods (e.g., CT scanning, AE measurements, microstructural analysis), always appears to be in the range 14-15%. This suggests that the structures produced in laboratory experiments are essentially of the same nature whatever the rock type. Their impact on permeability is however quite different. This is illustrated in Figure 15 , where we have compiled previously published permeability data on Bentheim [Vajdova et al., 2004] (Figure 15a ) and Bleurwiller [Fortin et al., 2005] (Figure 15b ) sandstone, where discrete compaction bands were reported, and, for comparison, data in Rothbach (Figure 15c ) and Darley Dale (Figure 15d ) sandstone where diffuse compaction bands and homogeneous cataclasis were reported, respectively. We choose here to present data for different pressure conditions that corresponded to approximately the same portion of the compactant failure envelope for each rock. This compilation, taken together with our new data on Diemelstadt sandstone, suggests that permeability evolution during compactive deformation is controlled essentially by the degree of heterogeneity and anisotropy of the starting material which, in turn, controls deformation band nucleation and geometry.
[45] Previous studies based on CT scanning [Louis et al., 2009] , network modeling [Katsman et al., 2005] and Discrete Element modeling [Wang et al., 2008] suggested that the development of CBs was likely to be enhanced in more homogeneous rocks relative to more heterogeneous rocks. Bentheim and Diemelstadt sandstones are both relatively homogeneous, while Rothbach, Bleurwiller and Darley Dale sandstones exhibit a larger degree of heterogeneity associated with their sedimentary bedding [Bésuelle et al., 2003] , porosity variability [Fortin et al., 2006] and more complex mineralogy and wider grain size distribution, respectively. Our permeability and microstructural data suggest that, for the homogeneous end-members (Bentheim and Diemelstadt), the anisotropy of the sandstone had a strong influence on strength and CB development. In our Z samples, sub-horizontal, sample-crossing bands nucleated from the yield point and created very efficient barriers to fluid flow. The permeability contrast between CB and matrix of 3 orders magnitude that we obtained is likely an upper bound to the effect of CBs in laboratory samples. In the X direction, shorter, more tortuous bands were less well connected and thus had a less dramatic influence on permeability. Vajdova et al. [2004] reported a large but less dramatic permeability contrast of two orders of magnitude in Bentheim sandstone which can probably be considered as an intermediate case between X and Z. The crucial role of 3D connectivity was also stressed recently by Pons et al. [2011] , who found a permeability contrast of only a factor of 3 between a CB and the host rock in a sample of Bentheim sandstone. This is not surprising because their AE data and X-ray images suggest that their CB did not occupy the entire specimen cross-section.
[46] The presence of heterogeneities, such as the variable porosity patches reported by Fortin et al. [2006] for their Bleurwiller sandstone samples, appears to have a major influence on the geometric attributes of CBs, leading to increased tortuosity, shorter length and much reduced effectiveness as permeability barriers. Comparing Figures 15b and  15d , it is clear that whether the compaction is localized or distributed has very little influence on the permeability evolution. This also appears to be the case in the presence of strong sedimentary bedding, such as in Rothbach sandstone (Figure 15c) , where compaction occurs primarily in the higher porosity layers [Louis et al., 2009] .
Comparison With Bedding Parallel and Bedding Oblique Compaction Bands in the Field
[47] We have shown that CBs can develop oblique to the bedding plane in laboratory samples. This is entirely consistent with field observations, where the majority of reports show compaction bands at high angles to bedding; first in the Aztec sandstone (Nevada) by Hill [1989] and later in the Navajo sandstone (Arizona) by Mollema and Antonellini [1996] . More recently, Eichhubl et al. [2010] performed a systematic field analysis in the Aztec sandstone formation and distinguished two types of CBs: Pure CBs with only compactant deformation and what they termed shearenhanced CBs that accommodated roughly equal amounts of shear displacement and band-perpendicular compaction by grain rearrangement and porosity collapse. Note that shearenhancement is used purely in a kinematic sense rather than in a mechanical sense by Eichhubl et al. [2010] . The pure CBs observed by Eichhubl et al. [2010] develop across the bedding and are typically wavy and non-planar, so they are in many ways comparable to the CBs we observe in our X samples.
[48] Our new results also suggest that CBs are more likely to form and create efficient permeability barrier when they grow in the bedding plane. Aydin and Ahmadov [2009] recently reported observations of bedding-parallel CBs in Nevada. They suggested that earlier studies may not have reported CBs in such orientations simply because beddingparallel compaction bands are more difficult to identify in the field where they can look like thin depositional layers. Furthermore, they might be disguised by later overprinting due to continued compaction, cementation and deformation [Eichhubl et al., 2010] .
[49] Aydin and Ahmadov [2009] report a porosity reduction of 13% in the field CBs which compares very well with the value we obtain for our laboratory samples and with previously reported values from laboratory Fortin et al., 2006] and field [Mollema and Antonellini, 1996; Sternlof et al., 2005] studies. The permeability contrast has not to date been directly measured on any field samples, but has been estimated in several pilot studies using the Lattice-Boltzman method applied to photomicrographs [Keehm et al., 2006; Aydin and Ahmadov, 2009] and high-resolution X-ray microtomography images [Sun et al., 2011 ]. There appears to be no consistent pattern in these reported results. While Aydin and Ahmadov [2009] and Sun et al. [2011] both estimated a permeability reduction of about a factor 6 between matrix and CB, Keehm et al. [2006] inferred a permeability contrast of up to 2 orders of magnitude. Part of the discrepancy between Sun et al. [2011] and Keehm et al. [2006] may be that the latter used 3D reconstruction of 2D data. More recently, Fossen et al.
[2011] inferred a permeability contrast in the range 1 to 4 orders of magnitude by applying a modified version of the Kozeny-Carman relation [Torabi et al., 2008 ] to photomicrographs of CBs in the field. Taken together, these field data therefore bracket the permeability contrasts we estimate from our laboratory measurements on Diemelstadt sandstone. However, Sternlof et al. [2005] point out that CBs generated in the laboratory are characterized by spectacular amounts of cataclasis, whereas those occurring in the field generally contain only minor amounts of cracking. Tembe et al. [2008] explained this apparent discrepancy on the basis of their model (equation (3)) which predicts that a much lower stress is required to propagate CBs in the field than in the laboratory. Such lower stresses are likely to produce less cataclasis, especially at the much lower strain rates expected for natural rock deformation. It is therefore unlikely that permeabilities in laboratory CBs will directly match those in natural CBs. However, the accuracy of the numerical simulations used to infer the permeability contrast in natural CBs hinges on a very precise 3D reconstruction of the pore-space from 2D images which is difficult to achieve at a representative scale. Direct permeability measurements on field samples hosting natural CBs are therefore clearly needed for comparison with laboratory measurements and to confirm or deny these suggestions.
[50] We have shown that CBs that propagate in the bedding plane are more tabular and less tortuous that those propagating oblique to bedding. Although Sternlof et al. [2005] and Aydin and Ahmadov [2009] studied, respectively, both types of band in the same area of the Aztec sandstone formation, there is still a paucity of field data which would enable us to compare the geometric attributes of CBs developing in both orientations. Again, direct measurement of permeability on the various types of natural structure is the logical next step suggested by our laboratory observations.
Conclusion
[51] In this paper, we have shown for the first time laboratory evidence for CBs developing in samples loaded both normal and parallel to bedding, and that this produces CBs parallel and oblique to bedding, respectively. The observation that bedding-parallel loading produces CBs oblique to bedding rather than normal to bedding suggests that it may be possible for CBs to develop in any intermediate orientation, but this will need to be confirmed by further detailed investigation. We have further shown that the pre-existing structural anisotropy of Diemelstadt sandstone resulted in the following:
[52] 1. A significant mechanical anisotropy with samples deformed parallel to bedding always stronger in the compactant regime. This mechanical anisotropy was interpreted as directly linked to the nucleation of CBs which was easier in the bedding-parallel direction.
[53] 2. Significant differences in the sequence of development of CBs in each orientation and in some of the geometric attributes of CBs. CBs developing in the beddingparallel plane are tabular and only weakly tortuous, while CBs developing oblique to bedding are shorter, less tabular and significantly more tortuous.
[54] Consequently, CBs that propagate in the beddingparallel direction have a much more significant impact on permeability. Comparison of our new permeability data with previously published data on sandstone revealed that the effect of CBs on permeability is, to first order, a function of CB connectivity. The data further suggest that the largest effect is likely to be observed in anisotropic sandstones when tabular CBs grow in the bedding plane.
[55] In the field, CBs have been observed to occur in a variety of orientations relative to bedding planes. Further work is needed to map their geometric attributes as a function of their angle to bedding for comparison with the laboratory results. Direct measurements of permeability on field samples hosting natural CBs are also needed for comparison with laboratory measurements.
